During growth, Acmtab,dria mcditueraa requires the action of blue light to intainigh rates of photosynthesis. In the present study, blue light-dependent alttions of the photosynthetic apparatus, which can be detected by analysis of light-saturation curves ad by masurements of partial reactions of the photosynthetic electron transport chin, are described. Ligt-saturatio curves of photosynthesis in vivo were measured with a new closed oxygen electrode system after culture of Acetabularia in continuous red or blue Light. These curves were compared to those of 2,6-dichlorophenol-ndophenol reduction by isolated chloroplast membranes. The analysis lead to the following statements: (a) only one reaction limits electron trasport rates in vitro (dichlorophenol-indophenol redoeuio) at all Light intensiies irspective of the light quality during growth, and (b) the miting step is light driven and located in the reaction center of photosystem H. Presumbly, this same reaction determines the flow of electrons under low light intensities in vivo in cells from white, blue, and red light. In addition to photosynthesis, the rates ofdark respiration changed due to the action of blue light. Concomitantly, the light compensation point of apparent photosynthesis was shifted during monochromatic iradiations.
The metabolism of Acetabularia mediterranea is strongly influenced by blue light, at least during the vegetative phase of its life cycle (for a review, see Schmid [22] ). One of the metabolic pathways which is under the control of blue light is photosynthesis (6, 21, 24) . In blue light, photosynthetic activity, measured as either CO2 fixation or 02 production, is high and constant over long periods. Under red light, photosynthetic activity decreases within 3 weeks of irradiation to about 20% of the initial rate. These low rates can be rised rapidly to those observed under blue or white light by a subsequent blue light treatment. This reactivation is completed within a few days, with different kinetics for CO2 fixation and 02 production (22) . It is important to note that, with respect to the control of these processes by light quality, it is blue light that is effective. Processes that occur in red light are due to the absence of blue light (22) .
The activity of photosynthetic electron transport, measured with water as the reductant and trichlorophenol-indophenol as the oxidant, shows the same dependence on light quality as described for total photosynthesis (5) . Thus, at least one of the components that is under blue light control is located in the ' Supported by a grant of the Deutsche Forschungsgemeinschaft.
photosynthetic electron transport chain. Nevertheless, the nature and the number of the photosynthetic reactions that determine the rates of total photosynthesis in red or blue light in A. mediterranea is still unclear. Here we present the first results in a sequence of physiological and biochemical investigations that are intended to analyze the changes within the photosynthetic apparatus due to morphogenetically active (blue) and inactive (red) irradiation.
MATERIALS AND METHODS

Cultur Conditions and Irradiation Sources. Cultures of Acetabularia mediterranea Lamouroux
were grown under standard conditions (1 1). For the expenments cells with stalk lengths between 15 and 20 mm were selected and 50 cells each were transferred into culture dishes (diameter 90 mm) containing 150 ml ofErd-Schreiber medium (2) . The dishes were placed under either red or blue light.
The red light sources were essentially the same as described by Mohr and coworkers (19) . For the blue light, we used blue fluorescent tubes (Philips TL18/40W) and an additional fiter ('blaues Signalglas,' 2 mm, Schott & Gen. Mainz). Although this light source emitted a small amount of far red light, control experiments showed no effectiveness of far red. Red and blue light were set to equal photon flux density (clculated for the wavelength at the emission maximum, 1.6.10*5mol. m-2. 1).
Temperature was maintained at 22 ± 0.5C throughout the experiments.
Measurements of 0°Production in Vivo. Photosynthetic 02 production was determined in a closed system using a Clark-type electrode. This kind of measurement formerly proved to be problematic since Acetabularia is very sensitive to perturbtions, while the electrode itself works with sufficient precision only when the medium is stirred. In the present approach, we overcame this problem by a new, all-glass measuring system, which consisted of an electrode chamber with stirrer and a sepwate sample chamber (Fig. 1) . The two chambers were connected by two glass tubes. The propeller-shaped maetic stirer generated a continuous flow of medium (about 3 ml. s-in a total volume of 10.5 ml at full speed) through the tangential outlet toward the sample chamber. To minimize photorespiration, the 02 partial pressure in the medium was reduced prior to measurements by a stream of N2 gas containing 0.15% CO2. This treatment led to a relative 02 content at the beginning of the experiments of less than 10%. The CO2 concentration proved to be saturating for photosynthesis and the pH in the medium (about 8.5) remained unchanged (data not shown).
During measurements we followed in general the same scheme. After 10 min of darkness (dark respiration) we increased the iradiance of the light by the indicated increment. Each of the light intensities was applied unfil the rate of 02 production was constant (after 3-10 min, depending on the light intensity). All measurements were carried out at the same time of day in order to avoid differences due to the circadian rhythm of photosynthesis, which is evoked by blue light after red preirradiation (7) .
Following measurements, cells were homogenized in 0.2 M potassium phosphate (pH 7.2) and Chl was determined according to-Arnon (1), or their chloroplast membranes were isolated as described elsewhere (5) . DCPIP2 Reduction. These chloroplast membranes were used for measuring DCPIP reduction. Light-saturation curves were measured in a water-tight glass cuvette, which was placed into the water bath instead of the 02 measuring chamber to obtain identical light and temperature conditions to those of in vivo 02 evolution. DCPIP reduction was assayed at 600 nm. The assay mixture consisted of 50 mm potassium phosphate (pH 7.2), 1 mM NaCl, 0.25 M sucrose, 60 ,M DCPIP, and chloroplast membranes, 5 gg Chl/ml. Assay volume was 3 ml. All values were corrected for absorption changes occurring in corresponding dark controls.
Activities of PSI and PSII. The activity of the photosystems was determined at light saturation (16.5 W.m-2). The temperature was 19 ± 0.5°C. PSI was measured by MV reduction according to Gould (9). PSII was blocked by DCMU and electrons were donated to PSI by DAD. The autoxidation of reduced MV was measured using a closed O2 electrode system (Rank Bros. Bottisham, England) (8) . The reaction mixture contained 0.1 M sucrose, 2 mM MgC12, 50 mM Tricine-NaOH (pH 8.1), 2.5 uM DCMU, 3 mm DAD, 2.5 mm sodium ascorbate, 0.1 mM MV, 0.1 mM NaN3, 1200 units/ml of superoxide dismutase (Sigma), and chloroplasts, 15 Mg Chl/ml.
Activities of PSII were determined according to Gould and Izawa (10) . Electron donor was water and DMQ/FeCy was used as the electron acceptor system. The flow of electrons toward PSI was blocked by addition of DBMIB. The assay consisted of 0.1 M sucrose, 2 mM MgCl2, 50 mM Hepes-NaOH (pH 7.5), 1 AM DBMIB, 0.5 mM DMQ, 0.4 mM FeCy, and chloroplasts, 20 ,ug Chl/ml.
Since both assays contain coupling sites for photophosphorylation, electron transport rates were uncoupled by addition of 12 ,ug/ml gramicidin. RESULTS 
Photosynthesis in Vivo.
Over the whole range of light intensities, the rates of net photosynthesis of cells from blue-light growth conditions did not differ from those measured at the point of time of the beginning of the monochromatic light treatment (white light; Fig. 2 ). On the other hand, the activity decreased under red-light growth conditions ( Fig. 3) with a halftime of about 8 to 10 d. Photosynthetic rates were reduced at saturating light intensities as well as under light-limiting conditions (Figs. 2 and 3) . Only low irradiances were required to obtain light saturation as compared to cells from white or blue light (Fig. 2) . By subsequent irradiation with blue light, a comparatively rapid reversion of the changes in red light was found (Fig. 3) . Usually, within 4 to 5 d the reversion was completed.
Apparent photosynthesis showed further differences between cells from white or blue light and from red light. The light compensation point shifted to very low irradiances in red light and rose again after subsequent blue irradiation (Fig. 4) . This is due to the dark respiration rates, which change like those of net photosynthesis (Fig. 5) .
DCPIP Reduction. In accordance with the responses of photosynthesis in vivo, described above, differences were also found in the activity of DCPIP reduction of isolated thylakoids (Fig.  6) . The activity at light saturation changed only insignificantly in response to blue light growth conditions. In red light, the activities decreased and subsequent blue light rapidly reversed these effects (Fig. 6 ). Figure 2 . After 3 weeks in continuous red light, some of the cells were transferred to blue light of equal photon flux density. Irradiances at which the 02 evolution was determined are given at the curves. reduction from all experimental conditions fitted linear regressions (Fig. 7) . All (Figs. 8 and 9 ). Under rate-limiting irradiances the rates of in vitro electron flow were identical with those determined in vivo. This outcome is shown for only two examples (Fig. 8) but it was strictly the same for all light growth conditions. At light saturation electron flow rates in vivo were about 40% lower than those determined in vitro (Fig. 8) . There was a strong linear correlation, however, between light-saturated electron flow rates of photosynthesis in intact cells and those of DCPIP reduction which extrapolated toward the origin of the coordinate system (Fig. 9) .
Activities of PSI and PSII. Although the activity of PSI decreased only very little in cells under red light, this decrease was significant. The original activity could be restored by subsequent blue light (Fig. 10) . Much stronger affected was the activity of PSII. The direction and the degree of these changes corresponded to that, observed for total photosynthesis or DCPIP reduction (Fig. 10) Figures 2 and 3 . All values used are V,n, from double reciprocal plots. These plots were linear for in vivo photosynthesis (not shown), as well as for DCPIP reduction. 02 concentrations do not completely prevent photorespiration (26) , the rates of photorespiration under our conditions should be low enough to have no measurable effect on determinations of photosynthetic 02 production. Thus, the measurements represent only changes in 02 concentration due to photosynthesis and respiration. This conclusion is supported by the observation that the rates ofphotosynthetic electron flow in intact cells under light-limiting conditions were identical for those measured by DCPIP reduction in vitro (Fig. 9) .
The rates of net photosynthesis in the light-limited region of the light-saturation curves showed differences between cells from red and blue light growth conditions (Figs. 2 and 3 ). As (4) . Use of this acceptor also leads to uncoupling of photophosphorylation (14) . As in net photosynthesis, light-saturation curves for DCPIP reduction after growth in red light were characteristically different from those obtained after growth of cells in blue or white light. In the photosynthesis versus irradiance curves the lightlimited electron transport rates were completely identical with those obtained by assay of in vivo 02 production ( Fig. 8 ; because of the reproducibility, which was independent of the physiological state of the cells, we believe that this coincidence of DCPIP reduction with in vivo photosynthetic rates is not fortuitous). The coincidence suggests that the electron flow rate in both cases is determined by the same reaction, although this has yet to be tested. Determinations of the activities of PSI and PSII (Fig. 10) indicate that this reaction is part of PSII and as discussed above, it is a reaction center component.
Complete linearity of double reciprocal plots for a sequence of reactions is indicative of a single rate-limiting reaction over the whole range of substrate concentrations. As we found strict linearity in the double reciprocal plots of DCPIP reduction over the whole range of irradiances (light is the substrate; Fig. 7 ), we may conclude that it is, throughout, the same PSII-reaction center component that limits the rate ofelectron flow. In Alocasia grown in high and low light conditions, respectively, it is Cyt b WENNICKE AND SCHMID (not a directly light dependent component) that shows quantitative differences (3) . Double reciprocal replots of the light saturation curves of DCPIP reduction indeed were nonlinear, presumably because of the different rate-limiting reactions in dim light and at light saturation.
Since all of the plots of DCPIP reduction have a common intersect, no matter which light growth condition (Fig. 7) , it is probably n the same light driven step that determines the photosynthetic rates in vivo, at least under low light conditions, in cells from white, blue, or red light. Linearity and common halfsaturation ofthe double reciprocal plots for DCPIP reduction were also found for chloroplasts from wheat seedlings grown under either blue or red light (12) . As discussed above, complete linearity indicates that only one reaction is rate limiting and since light limits the rates at low irradiances it must be the same light driven reaction that determines the rates of DCPIP reduction at all light intensities. The conclusion of the authors, however, is that the rate limiting step is somewhere in the redox chain. This conclusion is not compatible with their findings.
In contrast to light-limited conditions, light-saturated rates of photosynthesis of intact cells were about 40% lower than the rates of the DCPIP reduction, irrespective of the light growth conditions (Fig. 8 [25] ). The changes mediated by blue light after red preirradiation in A. mediterranea are smaller by three orders ofmagnitude than those in Chlorella (16) . It is questionable, therefore, whether the mechanisms of control in both organisms are identical.
Differences in photosynthesis versus irradiance curves of apparent photosynthesis for cells from white, blue, or red light growth conditions resemble those reported for sun and shade plants or leaves (3) . As in these plants and organs, the light source during growth of the tissues affects not only the photosynthetic apparatus but also, to a similar extent, the capacity for dark respiration. Consequently, the light compensation point is lowered under "unfavorable light conditions," which permits positive apparent photosynthesis even at very low irradiances.
Concerning adaptations of the photosynthetic apparatus of higher plants, it has been suggested that blue light leads to development of a sun plant, while red light leads to a shade plant (17, 18) . The situation in Scenedesmus, however, is obviously inverse (13) . In Acetabularia only very low irradiances of blue light in addition to red light can maintain high photosynthetic activity (7) . It is questionable, therefore, whether the effect of bluelght on photosynthesis is connected with adaptations to the light and shade environment. Strategies of unicellular algae toward an adaptation of their photosynthetic apparatus to high or low light irradiances appear to be very diverse (20) . Thus, a genealization of algal responses to different light qualities appears to be not justified.
